I. INTRODUCTION
Increasing worldwide power demand makes wind energy attractive due to its availability, abundance and safety. Wind generated power accounted for 10% of overall UK electrical power use in 2014/15 [1] , and the target for the UK is to increase this to approximately 15% by 2020 [2] . A variable-speed wind turbine (WT) doubly-fed induction generator (DFIG) drive containing a wound rotor induction machine (WRIM) coupled to a back-to-back (AC-DC-AC) converter has been one of the most utilized topologies in the market to date [3] . DFIG drives employ a stator flux oriented vector control (SFOC) scheme to provide effective real-time regulation of generated power in a variable-speed, fixed frequency application [4, 5] . Credible emulation of realistic vector controlled DFIG conditions on smaller scale test facilities is of significant interest for research of various aspects of modern wind turbine operation [6] [7] [8] . Use of commercial off-the-shelf (COTS) equipment is cost-effective and includes realistic protection. However, industrial equipment is generally not designed to facilitate straightforward application of DFIG vector control schemes. Some solutions have been proposed that establish small scale DFIG controlled schemes utilising industrial drives. However, these are largely constrained to open-loop control [6, 7, 9, 10] . This paper reports a methodology for implementation of a SFOC scheme on a small scale DFIG test-rig facility comprising a commercial WRIM design and industrial converters. A solution is proposed whereby the speed and position of the rotor currents are calculated using an external real-time platform and supplied to the industrial drive through a dedicated communication module. In contrast with previous solutions [6, 7] , the rotor side converter (RSC) operates in closed-loop control mode in this application, since the real-time platform enables the implementation of rotor current control following the principles of a SFOC scheme. Furthermore, the grid side converter (GSC) requires no modification and uses commercial off-the-shelf filter and protection components.
II. TEST-RIG FACILITY
The experimental test-rig contains a 30 kW WRIM with an industrial back-to-back converter interfacing the rotor circuit to the grid. The back-to-back converter comprises two commercial CT UNIDRIVE SP-4401 units [11] coupled by a DC link. The challenge in implementing a practical SFOC scheme on the industrial RSC drive is that its proprietary design constraints limit the available operating modes to only standard pre-programmed control regimes. To overcome this limitation, a dSPACE 1103 real-time control platform and a commercial speed and position feedback interface device (SM-Resolver module [12] ) are used. The general layout of the experimental test-rig is illustrated in Figure 1 . Figure 2 . The WRIM is a 4-pole, Marelli Motori (E4F 225M4) design and is mechanically coupled to a 40kW DC machine. The stator windings are connected to the grid and the rotor windings are supplied through an industrial back-to-back converter. The separately excited DC motor is used as a prime mover and is controlled by a commercial DC drive (MENTOR II, M75R [13] ) operating in speed control mode. The rotational speed is measured by a 1024 ppr incremental encoder. The encoder outputs are fed to the dSPACE platform and the DC machine drive. The dSPACE platform is used to implement the SFOC scheme and indirectly controls the magnitude and phase of the RSC rotor currents through executing an appropriate Simulink routine.
The RSC is set to operate in servo mode, to enable closedloop control of the rotor currents whereas the GSC operates in regenerative (regen) mode and maintains the DC link voltage at a constant value (700 Vdc in this application). The stator and rotor currents, and the stator voltages are measured using LEM LA 55-P current and LEM LV25-600 voltage transducers.
III. SFOC IMPLEMENTATION
The SFOC scheme independently controls the two-axis rotor currents ( and ) in a synchronously rotating reference frame (dq) aligned with the stator flux linkage vector (PSI) position, as illustrated in the general phasor diagram in obtained from the three-phase stator voltage measurements using a phase-lock-loop (PLL) [14] . The relevant variable, their positions and reference frame orientation are illustrated in Figure 3 for clarity.
The rotor reference frame ( r r ) position with respect to the stationary reference frame is calculated from the encoder output signals. In combination with s , the rotor reference frame position is used to determine the real-time value of the rotor slip angle, slip , in dSPACE. The real-time slip angle value is used in the transformation of all the relevant rotor variables to the synchronously rotating reference frame aligned with the flux linkage vector required for their utilization in the real-time SFOC algorithm.
The independent control of the rotor currents in DFIG SFOC schemes enables separate regulation of the generated stator active and reactive powers, since there is a direct relationship between these and their corresponding rotor current components [4, 5, 14 (1) and (2) can be eliminated, since the stator voltage vector is assumed to align with the qaxis of the synchronously rotating reference frame, as shown in Figure 3 ; the figure also shows the controlled dq-axis rotor currents positions for clarity.
The objective of the SFOC scheme is to control the rotor currents by controlling the magnitude and phase of the rotor voltage vector. The relationship between the rotor voltages and currents used to achieve this objective are [4] :
where:
is rotor voltage vector, is d-axis stator flux linkage vector, R r is the stator referred rotor resistance perphase, slip is the angular slip speed and L c is the leakage coefficient.
Equations (3) and (4) are usually implemented through two PI control loops (inner loop). Furthermore, the power and current relationships (outer loop) are either established using equations (1) and (2) directly [4] , or by utilising two additional PI control loops [15] depending on the system requirements. This work only takes into account the inner loop structure for simplicity. The control parameters of the inner loops are recommended in [16] to be determined using the auto-tuning routine of the RSC [11] , which automatically measures both the load (machine) parameters machine and load parameters, and adjusts the inner control loop parameters [17] . However, the auto-tuning is not capable of obtaining the controller parameters for the DFIG application, since the utilised servo control mode of operation assumes that the drive is operating with a synchronous machine. Therefore, the controller parameters are first determined using the system second order transfer function, as explained in [15] . This method is dependent on knowledge of the WRIM machine parameters that were obtained experimentally in [18] for the test-rig machine used in this work. The controller gains were set for a bandwidth of 18 Hz and a damping factor of 1.8 during experiments.
The fourth terms in Equations (3) and (4) are known as the decoupling terms whereas the fifth term is in Equation (4) is the feed-forward term. The decoupling and feed-forward terms are generally applied in the controller in order to eliminate the rotor currents' cross-coupling and speed dependency, respectively [4] . The implementation of decoupling provides improvement in the tracking performance of the inner controllers, as well as an easier tuning procedure [4, 5] . However, the commercial RSC unit imposes a limitation in this regard as it does not allow access to the outputs of the PI controllers (see Figure 4) , where the decoupling terms should be included. This results in same co-dependency between the dq-axis variables in the DFIG control scheme reported in this work.
The magnitude control of the rotor currents in this work is achieved using the torque reference parameter of the RSC operating in servo mode, as shown in Figure 4 . The reference rotor currents are used to define the torque reference value for the RSC servo controller. The calculated torque reference value is then passed to the inner control loops through the dSPACE DAC channel (shown in a red box, Figure 4) . Depending on the relationship between the desired and measured rotor currents, the commercial RSC's pre-programmed servo control routine creates the voltages for the excitation of the rotor windings (shown in a blue box, Figure 4 ).
The frequency and phase control of the rotor currents are achieved using the SM-Resolver module, as shown in Figure 5 . dSPACE is used to emulate the appropriate resolver real-time output signals by considering the servo mode of operation (shown in red box, Figure 5 ). The emulated resolver output signals are then implemented to the corresponding inputs of the SM-Resolver module (as shown in Figure 2 ). For servo mode of operation, the RSC assumes the resultant rotor current vector is aligned with the q-axis of the servo reference frame and the d-axis of the reference frame is lagging by 90° [16] . Therefore, a new servo reference frame has to be added to the previously illustrated general phasor diagram in Figure  3 . The resultant phasor diagram is shown in Figure 6 .
The reference position angle for the calculation of the emulated resolver output signals is executed using the instantaneous angle between servo d servo -axis and the rotor raxis, as shown in Figure 6 ( conv ). The calculation of the emulated resolver output signals also requires the excitation signal provided from the SM-Resolver module, as shown in Figure 5 . The emulated resolver output sine and cosine signals are then calculated in dSPACE using Equations (5) and (6), respectively, as [19] :
where: g is the resolver turns ratio, and and are the magnitude and angular frequency of the excitation signal, respectively. The frequency of the excitation signal provided from the SM-Resolver module is fixed at 6 kHz; however, the resolver turns ratio and magnitude of the excitation signals can be set to a desired value through the SM-Resolver optional operating parameters facility within the RSC drive menu. The SM-Resolver parameters become available in the drive menu when the SM-Resolver module is fully inserted into the appropriate slot. The SM-Resolver parameters have to be set correctly in order to obtain the correct speed and position feedback from the SM-Resolver module. The magnitude can be set between 4 and 6 V rms whereas the turns ratio of the resolver is also flexible and can be chosen as either 2:1 or 3:1. The turns ratio and the magnitude of the excitation signal are set to 2:1 and 4 V rms in this work, respectively.
The calculated resolver output signals using Equations (5) and (6) are sent from the dSPACE DAC channels to the SM- Resolver module,, which controls the RSC, to generate the desired frequency and phase of the rotor current. The reference position and the sine and cosine signal outputs of the emulated resolver for a rotor frequency of 3.3 Hz (100 rpm) are illustrated in Figures 7 and 8 , respectively. It is important to select an appropriate sampling frequency in dSPACE, in order to obtain a good trade-off between a more sinusoidal excitation signal and faster operation of the real-time platform.
The resolver signals may become distorted if the sampling frequency of dSPACE is chosen to be too close to the excitation frequency and thus generate potential errors in the calculation of the rotor current frequency and position. For excessively high sampling frequencies the controller performance can also degrade as dSPACE is unable to complete calculations within the sample period. The optimal operating range of the dSPACE platform used in this work was determined to be between 55 to 65 kHz during the experiments.
The calculated sine and cosine signals (shown in Figure 8 ) are seen to be twice as fast as the reference position in Figure  7 . This depends on the pole-pair arrangement of the SM-Resolver module. The SM-Resolver module operates to provide mechanical position information. Therefore, the pole-pair number, which is also related to the machine pole-pair number [12] , must be set properly to obtain the correct output current frequency during the experimental tests. For the test-rig facility this parameter is set to four.
IV. RESULTS
The capability of the developed system is initially evaluated in experimental tests on the laboratory test system involving an arbitrary step change from 12 to 25 A in the 2. q-axis rotor current demand at 3.25 s. The step response is a standard way of assessing current loop behaviour [4, 5, 15] . The test-rig is operated at 1,400 rpm and the rotor d-axis demand is kept constant at 12 A during the experiment.
The recorded laboratory signals from dSPACE are shown in Figure 9 , which demonstrates that the rotor currents are controlled using the SFOC scheme with the proposed implementation technique for the industrial drives. Both the d-and q-axis currents correctly follow the reference values in Figures 9.a and 9 .b, respectively. Some ripple is noticeable on both d-and q-axis rotor currents, and increases with the current magnitude increase. This fluctuation is noticeable in other published results [4] and may be caused by the speed ripple effects [20] , however its manifestation requires further investigation. In addition, a small disturbance on the d-axis is also noticeable with the step change in q-axis rotor current, believed to be the artefact of the absence of decoupling in the developed scheme.
The measured three-phase rotor currents in Figure 9 .c are seen to alter in both magnitude and phase with the controlled step change. The phase shift of the rotor currents is directly caused by the demand rotor current position change shown in Figure 9 .d, which is implemented on the RSC via the SMResolver module. Figure 9 shows that the presented vector control implementation procedure for a small-scale doubly-fed induction generator enables rotor currents, and thus the generated powers to be effectively controlled. Similar results have been obtained at other speeds.
V. CONCLUSIONS
This paper reports the implementation procedure of a SFOC scheme for DFIG test systems using industrial converters. The presented procedure requires the use of an external real-time platform and a commercial real-time position interface module. A dSPACE control platform and an SM-Resolver module are used in this work, however the presented principles can be implemented on any alternative suitable real-time platform.
The scheme put forward enables effective control of industrial converter current output in a DFIG topology based on SFOC principles and is largely aimed at enabling experimentation in steady-state conditions. Furthermore the reported control implementation retains the full protection of the system as it utilises off the shelf commercial solutions. The procedure is validated in real-time tests on a small scale DFIG test system involving a step change in the reference currents. The results show acceptable control of d-and q-axis rotor currents.
